Design. An in vitro biologic study of the effects of adenovirus expressing bone morphogenetic proteins (BMPs) and adenovirus expressing Sox9 on extracellular matrix metabolism by bovine nucleus pulposus cells.
Intervertebral disc degeneration is associated with a series of biochemical and morphologic changes that combine to alter the biomechanical properties of the disc. With intervertebral disc degeneration, the concentration of proteoglycans in the extracellular matrix and, therefore, the water-imbibing potential of the disc decrease markedly. 1 In addition, the synthesis of type II collagen declines and, there is an up-regulation of less-compliant type I collagen synthesis with alteration in collagen fiber cross-linking. 2 Concomitantly increased levels of matrix metalloproteinases and other proteases have been detected in the degenerating disc. 3, 4 Reversing or delaying these biologic processes may reverse or retard disc degeneration.
Because the disc has only a limited intrinsic capacity for regeneration, suggested biologic approaches for treating disc degeneration are generally geared toward the enhancement of matrix production. A number of cytokines, including transforming growth factor-␤ (TGF-␤), insulin-like growth factor-1, members of the bone morphogenetic protein (BMP) family, and the transcription factor, Sox9, have stimulated proteoglycan and/or collagen synthesis by intervertebral disc cells of various species. 5 However, the choice of a particular factor in these applications has been largely based on the commercial availability of such products. To our knowledge, there has been no effort to evaluate systematically the relative effectiveness of the various members of the BMP family in promoting intervertebral disc matrix repair.
The potential therapeutic role of the direct administration of growth factors, such as the BMPs, to the disc is limited by the relatively short half-life of these watersoluble molecules. The repeated administration of a cytokine by multiple intradiscal injections is not clinically attractive. An alternative approach involves the delivery of the cytokines by gene therapy techniques, which could allow for the sustained expression of the desired anabolic cytokine. The purpose of this study is to compare the effects of recombinant adenoviral vectors expressing various BMPs (2, 3, 4, 5, 7, 8, 10, 11, 12, 13, 14, and 15) and Sox9 on extracellular matrix accumulation by nucleus pulposus cells.
Methods

Viral Constructs. Recombinant adenoviruses expressing
both green fluorescent protein and human BMP-2, 3, 4, 5, 7, 8, 10, 11, 12, 13, 14, 15, Sox9, and adenovirus expressing green fluorescent protein alone (as control) were constructed using the AdEasy system developed by He et al. 6 The recombinant plasmids were transfected into the adenovirus packaging cell line, 293.
Cell Cultures. As previously described, 7 bovine intervertebral discs were dissected from young adult bovine tails (15-18 months old) obtained from a local slaughterhouse. It is noteworthy that by 15 months of age, bovine intervertebral discs no longer contain a significant proportion of notochordal cells and contain predominantly adult intervertebral disc cells. 8 The nucleus pulposus cells were released using serial enzymatic digestion, as previously described, 7 and then cultured in monolayer at 4 ϫ 10 4 cells per cm 2 in complete medium (Dulbecco modified Eagle medium and Ham F-12 medium; Mediatech, Herndon, VA), with 360 g/mL L-glutamate (Mediatech), 50 g/mL gentamicin (Gibco BRL, Grand Island, NY), 25 g/mL ascorbic acid (Sigma Chemical), and fetal bovine serum at 20% (Hyclone, Logan, UT).
The nucleus pulposus cell cultures were assigned to 16 groups (triplicate cultures in each group): the no treatment group; recombinant human (rh)BMP-7 (positive control); adenoviruses expressing green fluorescent protein group (negative control); and adenoviruses expressing BMP-2, 3, 4, 5, 7, 8, 10, 11, 12, 13, 14, 15 , and Sox9 groups. In the rhBMP-7 group, cells were cultured without any exogenous gene, in the presence of rhBMP-7 (also referred to as osteogenic protein-1, a gift from Stryker Biotech, Hopkinton, MA) at 100 ng/mL during the first day of culture. In the adenovirus expressing green fluorescent protein, adenovirus expressing BMP-2, 3, 4, 5, 7, 8, 10, 11, 12, 13, 14, 15 , and Sox9 groups, adenovirus expressing green fluorescent protein only, or both green fluorescent protein and BMPs or Sox 9 and green fluorescent protein, were included in the cultures at the time of plating for 16 hours at an optimized multiplicity of infection (at about 1:100).
In each case, by visualizing green fluorescent protein positive cells under a fluorescence microscope, the transduction efficiency was confirmed to be more than 90%. The cultures were maintained for 6 days after transduction at 37°C, with daily changes of medium. Subsequently, cells, with their associated matrix, were digested with papain, and analyzed for contents of total sulfated proteoglycans, hydroxyproline, and deoxyribonucleic acid (DNA), as described later. Each experiment was performed on 3-4 separate occasions. The results are expressed as the mean Ϯ standard error of the mean (SEM).
Measurement of Messenger Ribonucleic Acid (mRNA) Levels With Reverse Transcription Polymerase Chain Reaction (RT-PCR).
To compare the relative levels of BMP-7 gene expression in intervertebral disc cells transduced with adenovirus expressing BMP-7 and adenovirus expressing green fluorescent protein, mRNA levels were measured using the RT-PCR method. Intervertebral disc cells cultured in monolayer were transduced with adenovirus expressing BMP-7 and adenovirus expressing green fluorescent protein (control). On day 4 after viral infection, total RNA was isolated using the RNeasy Mini kit (QIAGEN, Inc., Valencia, CA). The total RNA (180 ng) was reverse transcribed into complementary (c)DNA with an oligo-dT primer using the Reverse Transcription System (Invitrogen, Carlsbad, CA).
Primers paired for each gene of interest were designed with the sequence data from the National Center for Biotechnology Information GenBank database (human BMP-7 accession No. NM_001719 9 ; forward primer sequence: 5Ј-CTGGCTGGTGTTT-GACATCACAG-3Ј; reverse primer sequence: 5Ј-ATA-CAGCTCGTGCTTCTTACAG-3Ј; expected product length: 343 base pair [bp] . Bovine glyceraldehydes-3-phosphate dehydrogenase accession No. U85042; forward primer sequence: 5Ј-CAACGTGTCTGTTGTGGA-3Ј; reverse primer sequence: 5Ј-GCTGTAGCCAAATTCATTG-3Ј; expected product length: 249 bp). In designing primers for RT-PCR, care was taken to avoid highly homologous regions between human and bovine cDNA sequences. cDNA was synthesized and used for the PCR reaction using Superscript DNA polymerase (Invitrogen) in a DNA thermal cycler (Bio-Rad i-Cycler; Bio-Rad, Hercules, CA). The PCR cycle consisted of a 30-second denaturation at 94°C, a 30-second annealing at 50°C; a 30-second extension period at 72°C was included in each cycle, and the cycle was repeated 30 times. PCR products were separated using 2% agarose gels stained with ethidium bromide, and the images were visualized on a Kodak 1000 imaging station (Eastman Kodak Co., Rochester, NY).
Measurement of BMP-7 Levels With an Enzyme-Linked Immunoabsorbent Assay (ELISA).
Bovine cells, transduced with adenovirus expressing green fluorescent protein and adenovirus expressing BMP-7, were cultured in monolayer for 4 days. The medium was changed every 2 days; the conditioned media were collected with each change of medium. Cell lysates and conditioned media were analyzed using a chemiluminescent sandwich ELISA, as previously described. 10 This assay uses 2 types of antibodies against the mature domain of the human BMP-7: a polyclonal goat antihuman BMP-7 antibody as coating antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and a monoclonal mouse antihuman BMP-7 detection antibody (1B12 clone, a generous gift from Stryker Biotech, Inc.). A horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G antibody (Pierce) was used as secondary antibody, and the chemiluminescent super-signal substrate was used to achieve a high sensitivity of detection.
Measurement of Proteoglycan Accumulation by Nucleus Pulposus Cells.
At the end of the culture period, the cells and extracellular matrix were digested with papain within each culture well. 11 The papain digests were analyzed for contents of total sulfated proteoglycan by the dimethyl methylene blue (Polysciences, Inc., Warrington, PA) dye-binding method.
12
Measurement of Hydroxyproline Content as an Indicator of Collagen Content. As a measure of collagen, hydroxyproline was quantified by reverse-phase high-pressure liquid chromatography after hydrolysis with 6 M hydrochloric acid for 16 hours at 120°C and derivatization with phenylisothiocyanate.
Measurement of DNA Content as an Indicator of Cell Proliferation. The papain digests of cells were analyzed for DNA content using the Hoechst dye method (Hoechst 33258; Polysciences, Inc.). 11 Briefly, 100 L of each papain-digested sample was mixed with 1 g/mL Hoechst dye solution. The dye/ sample complex was excited with ultraviolet light (wavelength 360 nmol/L), and the emission at 460 nm was measured. Calf thymus DNA type I (Sigma Chemical) was used as a standard.
Statistical Analyses. Each experiment was repeated [3] [4] times with triplicate cultures for each condition. Therefore, the sample number is the number of experiments multiplied by 3 (representing triplicate cultures). Analysis of variance was used to assess the effects of nucleus pulposus cells transduced with various adenovirus expressing BMPs and Sox9 on proteoglycan accumulation, collagen accumulation, and DNA content. P values were obtained using the Student t test. The level of statistical significance was set at P Ͻ 0.05.
Results
RT-PCR Analysis for Gene Expression and ELISA for BMP-7 Protein Production
Bovine cells transduced with adenovirus expressing BMP-7 expressed human BMP-7 mRNA. In contrast, bovine cells transduced with adenovirus expressing green fluorescent protein did not express human BMP-7 mRNA ( Figure 1A) . Expression of the glyceraldehydes-3-phosphate dehydrogenase gene was included as an internal control.
Bovine nucleus pulposus cells transduced with adenovirus expressing BMP-7 and green fluorescent protein were also analyzed for the overexpression of human BMP-7 protein. Briefly, cell lysates and conditioned media were analyzed with a highly sensitive chemiluminescent sandwich ELISA method. 10 Bovine intervertebral disc cells transduced with adenovirus expressing BMP-7 produced a high level of BMP-7, both in the intracellular and cell-associated matrix and in the conditioned media over a 4-day period after viral exposure. This result represents a dramatic increase when compared with cells transduced with adenovirus expressing green fluorescent protein ( Figure 1B) . It is noteworthy that this ELISA recognizes both pro-BMP-7 and mature BMP-7 (the functional form). 13 Thus, the measurement reflects the total amount of BMP-7 present.
Proteoglycan Accumulation (Figures 2, 3) . Proteoglycan accumulation by nucleus pulposus cells transduced with adenovirus expressing various BMPs and Sox9 were compared. The proteoglycan accumulated by nucleus pulposus cells (cell-associated matrix) varied from 20 to 240 g/5 cm 2 well, depending on the specimen and treatment. Nucleus pulposus cells transduced with adenovirus expressing BMP-2, 3, 4, 5, 7, 8, 10 13, 15, and Sox9 accumulated more proteoglycans than nucleus pulposus cells transduced with adenovirus expressing green fluorescent protein (control): adenovirus expressing BMP-2, 104% increase (P ϭ 0.006); adenovirus expressing BMP-3, 61% increase (P ϭ 0.004); adenovirus expressing BMP-4, 83% increase (P ϭ 0.002); adenovirus expressing BMP-5, 47% increase (P ϭ 0.001); adenovirus expressing BMP-7, 162% increase (P ϭ 0.003); adenovirus expressing BMP-8, 78% increase (P Ͻ 0.001); adenovirus expressing BMP-10, 33% increase (P ϭ 0.019); adenovirus expressing BMP-13, 59% increase (P ϭ 0.014); adenovirus expressing BMP-15, 9% increase (P ϭ 0.047); and adenovirus expressing Sox9, 46% increase (P ϭ 0.023).
Nucleus pulposus cells transduced with adenovirus expressing BMP-12 and 14 showed a trend toward an increased proteoglycan accumulation that did not reach statistical significance (adenovirus expressing BMP-12, 17% increase [P ϭ 0.077]; adenovirus expressing BMP-14, 30% increase [P ϭ 0.104]). Nucleus pulposus cells transduced with adenovirus expressing BMP-11 did not accumulate more proteoglycans compared with cells transduced with adenovirus expressing green fluorescent protein (P ϭ 0.448). The nucleus pulposus cells stimulated with rhBMP-7 at 100 ng/mL for 1 day of culture accumulated 120% more proteoglycans than cells untreated with any exogenous factors (P ϭ 0.001). Nucleus pulposus cells transduced with adenovirus expressing BMP-2 and 7 resulted in essentially as high a stimulation in proteoglycan accumulation as nucleus pulposus cells maintained in the presence of rhBMP-7 (adenovirus expressing BMP-2 P ϭ 0.671 and adenovirus expressing BMP-7 P ϭ 0.403). The amount of proteoglycan released into the media averaged 65% Ϯ 10%, ranging from 28% in the case of cells transduced with adenovirus expressing BMP-7 to 70% in the case of cells not treated with any growth factor (Figure 3 ).
Collagen Content (Figure 4 ). The collagen accumulated by nucleus pulposus cells transduced with adenovirus expressing various BMPs was compared. Collagen accumulated by nucleus pulposus cells varied from 2 to 11 g/5 cm 2 well, depending on the specimen and treatment. nucleus pulposus cells transduced with BMP-2, 4, 5, 7, 8, 10, 14, 15, and Sox9 accumulated significantly more collagen than nucleus pulposus cells transduced with adenovirus expressing green fluorescent protein: adenovirus expressing BMP-2, 169% increase (P Ͻ 0.001); adenovirus expressing BMP-4, 552% increase (P ϭ 0.002); adenovirus expressing BMP-5, 284% increase (P ϭ 0.005); adenovirus expressing BMP-7, 308% increase (P ϭ 0.002); adenovirus expressing BMP-8, 264% increase (P ϭ 0.016); adenovirus expressing BMP-10, 281% increase (P ϭ 0.047); adenovirus expressing BMP-14, 661% increase (P ϭ 0.008); adenovirus expressing BMP-15, 200% increase (P ϭ 0.041); and adenovirus expressing Sox9, 207% increase (P ϭ 0.021).
There was a trend toward increased collagen accumulation by nucleus pulposus cells transduced with adenovirus expressing BMP-3, 11, 12, and 13, but this did not reach statistical significance (adenovirus expressing BMP-3, 19% increase [P ϭ 0.097]; adenovirus expressing BMP-11, 178% increase [P ϭ 0.053]; adenovirus expressing BMP-12, 198% increase [P ϭ 0.075]; and adenovirus expressing BMP-13, 371% increase [P ϭ 0.058]). Nucleus pulposus cells stimulated with rhBMP-7 at 100 ng/mL accumulated 121% more collagen than untreated cells (P ϭ 0.001). (Table 1) . In this study, consistent with our previous findings, 7 rhBMP-7 at 100 ng/mL significantly stimulated proliferation of nucleus pulposus cells (86% increase, P ϭ 0.001). Nucleus pulposus cells transduced with adenovirus expressing BMP-2 and 8 also showed a moderate but statistically significant increase in DNA content: adenovirus expressing BMP-2, increase by 106% (P ϭ 0.044); and adenovirus expressing BMP-8, increase by 28% (P ϭ 0.026). There was a trend toward an increase in DNA content in nucleus pulposus cells transduced with adenovirus expressing BMP-3 and 4, 5, 7, 10, or adenovirus expressing Sox9: adenovirus expressing BMP-3, increase by 31% (P ϭ 0.092); adenovirus expressing BMP-4, increase by 29% (P ϭ 0.096); adenovirus expressing BMP-5, increase by 32% (P ϭ 0.199); adenovirus expressing BMP-7, increase by 53% (P ϭ 0.127); adenovirus expressing BMP-10, increase by 38% (P ϭ 0.123); and adenovirus expressing Sox9, increase by 38% (P ϭ 0.141). Nucleus pulposus cells transduced with adenovirus expressing BMP-11, 12, 13, 14, or 15 did not proliferate significantly in culture (Table 1) .
Nucleus Pulposus Cell Proliferation
Discussion
In recent years, various candidate proteins, including TGF-␤, the BMPs, Sox9, and Lim mineralization protein-1, have emerged as potential therapeutic agents to treat disc degeneration by stimulating matrix production. 5, 14 In an attempt to provide a rational basis for the choice of cytokine(s) effective in promoting disc regeneration, in this study, we performed a comparative analysis of the activity of 12 BMPs and Sox9 on bovine nucleus pulposus cells. To the best of our knowledge, this investigation is the first of its kind to evaluate the effects of most BMPs on nucleus pulposus cells.
We elected to use adenovirus-mediated gene transfer of BMPs rather than using the recombinant proteins because a number of recombinant BMPs are not commercially available. In general, direct protein administration for chronic diseases has less appeal because of the short half-lives of the delivered protein, although longer halflives within the intervertebral disc are possible because of the disc's avascular and low cell density environment. In the intervertebral disc, gene therapy enables prolonged, high-level sustained protein expression. 13, 15 On the technical front, we chose to confirm the overproduction of BMP-7 protein as a representative BMP protein in cells transduced with adenovirus expressing BMPs. Confirming the overproduction of all 12 BMPs was beyond the scope of this study. However, future tests are warranted to study the selected promising therapeutic agents.
The adenoviral expression system is an overexpression-saturation system such that maximal transduction efficiency is achieved. It is essential to ensure that the adenovirus expressing BMPs have a similar, if not identical, efficiency in terms of viral infection and transgene expression. In previously peer-reviewed publications, we have documented the characterization of adenoviral vector-mediated BMP expression. 16, 17 Briefly, all the BMP transgenes were driven by the same cytomegalovirus promoter, contained the same Kozak signal for efficient gene expression. We have indeed confirmed that all BMP transgenes are expressed at a comparable level (at least at the mRNA level) when the same virus titer is used. Importantly, the concurrent expression of green fluorescent protein in all adenovirus expressing BMPs, visualized with fluorescence microscopy, ensures comparable gene transduction efficiency. However, because the copy number of the RNA and size of different BMP molecules vary, the levels of BMP production may differ. Interpretation of the results provides guidance only when using this gene therapy method.
Nevertheless, we should point out that the gene therapy approach does offer an advantage. These proteins are subjected to post-translational modifications that may increase their potency over and above the potency of purified recombinant proteins in which protein modification and correct folding is less likely to occur during the production and purification process.
Monolayer culture was used because of the ease in assessing transduction efficiency by directly visualizing green fluorescent protein expression using fluorescence microscopy. However, this is an artificial environment for intervertebral disc cells, and these cells may behave differently in a 3-dimensional culture system. Another limitation in using the monolayer culture system is that a large proportion of proteoglycans are released into the culture media. The amount of proteoglycan released into the media averaged 65% Ϯ 10%, ranging from 28% in the case of cells transduced with adenovirus expressing BMP-7 to 70% in the case of cells not treated with any growth factor (Figure 3) . Most of the proteoglycans released into the media may be retained by alginate in the 3-dimensional culture system in vitro or the intervertebral disc tissue in vivo.
In the current study, the effects of the individual adenovirus expressing BMPs on collagen and proteoglycan production by nucleus pulposus cells varied. It is remarkable that adenovirus expressing BMPs were able to stimulate additionally nucleus pulposus cells that were already strongly stimulated by medium containing 20% fetal bovine serum. Adenovirus expressing BMP-2 and 7 were most effective in stimulating proteoglycan accumulation by nucleus pulposus cells, with the magnitude of proteoglycan accumulation similar to that observed after direct administration of rhBMP-7 in the medium. The adenovirus expressing BMP-4 and 14 were the most effective of the BMPs tested in stimulating collagen accumulation by the nucleus pulposus cells. Sox9, a transcription factor considered to be an important regulator of the chondrocytic phenotype, was effective in stimulating both collagen and proteoglycan accumulation by nucleus pulposus cells. These findings might suggest a role for transductions with multiple genes to optimize disc matrix repair.
The BMPs are members of the TGF-␤ superfamily and are attractive candidates for stimulating disc repair. The roles of BMPs in embryonic development and postnatal cellular functions, such as bone and cartilage formation, have been extensively studied. The ability of BMP-2 to stimulate bone formation has been well documented, 18 while its ability to stimulate intervertebral disc matrix synthesis has more recently been evaluated. 19 In cultured rat intervertebral disc cells, BMP-2 stimulates the expression of mRNA for aggrecan, the major aggregating proteoglycan, and collagen type II. 19 Similarly in cultured human intervertebral disc cells, rhBMP-2 treatment stimulated proteoglycan synthesis, and up-regulated aggrecan and types I and II collagen gene expression; no evidence of bone formation was observed. 20 BMP-7 has increased total DNA, proteoglycan, and collagen content in cultures of both nucleus pulposus and anulus fibrosus cells. 5, 7 An et al 21 have recently shown that the intradiscal administration of rhBMP-7 in vivo has stimulated proteoglycan accumulated by the rabbit nucleus pulposus in vivo. BMP-7, along with BMP-2, was the most effective of the BMPs tested in stimulating proteoglycan accumulated by bovine nucleus pulposus cells.
Adenovirus expressing BMP-14 and 4 emerged as potent stimulators of collagen synthesis by nucleus pulposus cells; adenovirus expressing BMP-4 was also quite effective at stimulating proteoglycan synthesis. BMP-14, more commonly known as growth/differentiation factor-5, and BMP-4 are closely related protein family members that are known to regulate cartilage patterning and differentiation. 22, 23 BMP-14 (-/-) mice showed lumbar disc abnormalities; treatment with rhBMP-14 reversed these changes in vitro and in vivo. 24 -26 In this study, we have confirmed that BMP-14 is indeed superior in stimulating collagen production by nucleus pulposus cells. Future study is indicated to characterize the type(s) of collagen produced in response to transduction with adenovirus expressing BMP-4 and 14, and to evaluate the effects of these growth factors on cultured anulus fibrosus cells.
Sox9 is an essential transcription factor for chondrogenesis 27 and has been termed a "master regulator" of the chondrocyte phenotype. 28 -32 Prior work has suggested that adenovirus expressing Sox9 is able to promote type II collagen synthesis by human degenerated disc cells and also mitigates the effects of a disc stab injury in a rabbit model. 33 The current study shows that the efficacy of Sox9 in stimulating matrix production is comparable to that of members of the BMP family.
The various adenovirus expressing BMPs tested have differing effects on nucleus pulposus cells in that some adenovirus expressing BMPs promoted matrix production without significant cellular proliferation, whereas other adenovirus expressing BMPs promoted both matrix synthesis and cell proliferation. Although the effects of the various BMPS observed in this study may be species specific and not necessarily transferable to human cells, the relative efficacy of select growth factors on human intervertebral disc cells are strikingly similar to our findings on bovine cells. 34 Furthermore, to our knowledge, this study is the first to describe differing effects of various BMPs on nucleus pulposus matrix production, although the concept of certain BMPs exerting a greater effect on a target osteoblast has been reported. 16 
Conclusions
We have shown the relative effectiveness of 12 BMPs and Sox9 in stimulating nucleus pulposus matrix production and cell proliferation. Future studies will attempt to elucidate the major signaling differences among BMPs so that maximal synergy can be achieved by combining BMPs that act through overlapping or converging signaling pathways. Ultimately, these studies may help to develop a more efficacious cocktail of growth factors for the treatment of degenerating intervertebral discs.
Key Points
• We have shown the relative effectiveness of 12 different BMPs and Sox9 in stimulating proteoglycan and collagen production by nucleus pulposus cells.
• Adenovirus expressing BMP-2 and 7 were the most effective in stimulating proteoglycan accumulation, while adenovirus expressing BMP-4 and 14 were the most effective in stimulating collagen accumulation.
• These findings might suggest a role for transductions with multiple genes to optimize disc matrix repair.
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